Multiresponsive materials are interesting for a wide range of applications, as their properties can be tuned with external triggers. A promising class of responsive materials is that of physically cross-linked polymer networks. These transient networks are typically assembled from telechelic polymers [1] [2] [3] [4] [5] or linear triblock copolymers, [6] [7] [8] [9] although other architectures have been investigated as well. [10] [11] [12] [13] [14] Most widely studied are ABA triblock copolymers with hydrophobic end groups and a hydrophilic middle block. These so-called "associative thickeners" have the ability to change the rheological properties of solvents at relatively low concentrations. For this reason, they are widely used as rheology modifiers in industry. However, the hydrophobic interaction on which the gelation of these "classical" associative thickeners is based can be tuned only by changing the temperature or solvent, or by synthesizing a new molecule. To have more control over the gel properties, reversibly formed gels based on an entirely different driving force are needed.
Herein we present a novel class of multiresponsive reversible gels based on the coassembly of a triblock copolymer having two charged end blocks with an oppositely charged homopolymer. These reversible gels respond not only to changes in temperature and concentration but also to ionic strength, cationic/anionic composition and, if weak polyelectrolytes are used, pH value.
Mixing two aqueous solutions of oppositely charged polyelectrolytes generally leads to phase separation. [15] [16] [17] Addition of a neutral solvophilic block to the polyelectrolyte chain can prevent macroscopic phase separation. Instead, a microscopic phase separation occurs, leading to micelles consisting of a core containing a polyelectrolyte complex stabilized by a corona of neutral solvophilic blocks. [18] [19] [20] [21] [22] When triblock copolymers with two charged end blocks are used instead of diblock copolymers, flowerlike micelles can be formed (Figure 1 a) . These micelles are stabilized by a corona of looped solvophilic chains. At polymer concentrations above a critical gel concentration (C gel ), the triblock copolymer will bridge between two different micellar cores. The micelles thus become connected with each other, leading to the formation of a reversible gel (Figure 1 b) .
ABA triblock copolymers with negatively charged end blocks and a water-soluble neutral middle block (PSPMA 28 -PEO 230 -PSPMA 28 ) were synthesized by atom transfer radical polymerization (see the Supporting Information). [23] [24] [25] [26] The molecular structure is given in Scheme 1 a. Poly(allylamine hydrochloride) 160 (PAH 160 ) was used as oppositely charged homopolymer (Scheme 1 b).
To investigate the coassembly of PSPMA 28 -PEO 230 -PSPMA 28 with PAH 160 in dilute solution, dynamic light scattering (DLS) titrations were used. We define a charge composition variable f + [Eq.
(1)]: [22] 
which is the concentration of positively chargeable groups [+] divided by the total amount of chargeable groups
Upon titrating either of the two components to the other, complexes are formed, as indicated by an increase in scattered light intensity. The scattered light intensity increases up to the point of charge stoichiometry, after which it decreases again ( Figure 2 ). The complexes that are formed in these dilute solutions are flowerlike micelles with a hydrodynamic radius of approximately 20 nm. When PSPMA 28 -PEO 230 -PSPMA 28 and PAH 160 are mixed at higher concentrations, a highly viscous and transparent gel is formed spontaneously (movie available as Supporting Information). This result indicates that an interconnected micellar network is indeed formed. [*] M. Lemmers, Dr. J. van To further investigate the shape of, and interactions between, the micelles, small-angle X-ray scattering (SAXS) measurements were performed. Excellent agreement between experimental SAXS data and fits can be achieved by using a form factor for polydisperse (Gaussian) homogeneous spheres, in combination with an effective structure factor for the higher concentrations (Figure 3) . Generalized indirect Fourier transform [27] [28] [29] analysis indicates that the scattering objects, the micellar cores, have a spherical shape with a radius of gyration R g = (8.1 AE 0.4) nm. For samples with more than 4 % (w/w) polymer, the structure factor becomes more pronounced, exhibiting a peak for the gel samples at q % 0.21 nm À1 . This value corresponds to an intermicellar distance of approximately 30 nm.
The viscosity (h) of the reversible gels as a function of concentration (C) was investigated with rheometry. A surprisingly strong dependence is found: h increases by more than six orders of magnitude over a fourfold increase in concentration (Figure 4 ). The C gel is approximated to be 4 % (w/w) by extrapolating the data points to the viscosity of a 5 8C PEG 230 solution. The gels are responsive to temperature, because the viscosity decreases roughly by an order of magnitude upon an increase in temperature by 25 8C.
Charge-driven assemblies are responsive to ionic strength. The scattered light intensity decreases with increasing [KCl] , thus indicating that the driving force for micelle formation is weakened with increasing salt concentration ( Since the homopolymer used in this particular system is a weak polyelectrolyte, the system also responds to pH value. Upon increasing the pH value of a dilute solution of micelles, the number of micelles in solution slowly decreases, as indicated by a decrease in scattered light intensity (Figure 6 a) . This effect is due to discharging of the homopolymer PAH 160 at pH ! 8. The decrease in the number of micelles at pH ! 8 is also noticeable in the gels. Addition of KOH to an 18 % (w/w) gel at 0.4 m KCl and f + = 0.5 drastically decreases the viscosity of the gel (Figure 6 b, c) .
In conclusion, we have presented a new class of multiresponsive, reversible gels based on charge-driven coassembly of two water-soluble components: an ABA triblock copolymer with a hydrophilic middle block and polyelectrolyte end blocks and an oppositely charged homopolymer. Based on SAXS data we conclude that these reversible gels consist of a network of interconnected polyelectrolyte complex micelles. The properties of this network can be tuned by varying the concentration, temperature, ionic strength, pH value, and charge composition.
In general, the multiresponsiveness of this new class of gels, combined with the ability to choose both the type and length of each of the individual components, allows for an almost endless variety of properties. This variability makes charge-driven reversible gels interesting candidates for a multitude of possible applications. Figure 6 . Influence of pH value on the coassembly of PSPMA 28 -PEO 230 -PSPMA 28 and PAH 160 at 0.4 m KCl. a) Average scattered light intensity normalized by total polymer weight concentration (*, left axis) and average hydrodynamic radius (*, right axis) as a function of pH value. b) The viscosity of a 18 % (w/w) gel is high enough to take a picture with the gel sticking at the bottom of the vial. c) Same gel as in (b), but with KOH added, leading to pH % 9. The viscosity has decreased such that the gel flows directly to the bottom when the vial is turned upside down.
